This article shows incidents associated with the use of gas as an energy carrier. It presents selected incidents which have occurred in Poland and around the world in recent decades. Based on this, consequences of gas and air mixture explosions were analysed as well. The article presents the main causes of gas incidents which have taken place, as per instances which are similar worldwide. Incidents associated with the use of gas are not frequent, but at the same time very tragic as they often lead to illness or even death. In Poland, in the last twenty years, construction area disasters caused by gas explosions account for only 5% of all which have occurred, but the number of fatalities resulting from these cases is approximately 14%. The number of individuals injured reached 39% of all construction disaster victims. Considering all these facts, it is necessary to undertake wide preventive measures in order to increase safety in the use of gaseous fuels.
INTRODUCTION
Natural gas is a fuel of natural origin, which satisfies the demand for approximately 20% of the world's energy. Deposits of natural gas are located deep within the earth's crust, alone or alongside deposits of oil or coal. Natural gas is a mixture of gaseous hydrocarbons (ethane, methane, propane), liquid hydrocarbons, and varying amounts of carbon dioxide, nitrogen, hydrogen, hydrogen sulphide, and noble gases (argon, helium). After extraction and purification, the gas is transported over long distances through high-pressure gas pipelines. Subsequently from high-pressure pipelines, through pressure reducing stations, the gas is transported via medium-and lowpressure pipelines, and eventually to gas networks and installations in particular buildings. Natural gas also can be transported in the form of LNG. Fig.1 shows the statistics concerning these two forms of gas transport. As it can be seen, about 2/3 of the world's gas volume is transported via pipe installations. Taking this into account and considering the fact that gas consumption all over the world grows (Fig. 2) , an increase in global gas installations length is expected. This is closely related to operational problems leading to failures of pipelines and thereby to various dangerous situations (damage, fires, explosions, building disasters) referred to incidents in this article. Fig. 1 . Global gas distribution in years 1996-2015 based on data from [19] . Fig. 2 . Global gas consumption in years 1996-2015 based on data from [19] .
Because of the hazards associated with gas installations and networks, institutions which collect data concerning gas installations and network systems as well as dangerous incidents related to their operation, are being established around the world. This institution in Poland is called the General Office of Building Control (GUNB), in Europe it's the European Gas Pipeline Incident Data Group (EGIG), and in the United States it's the Pipeline and Hazardous Materials Safety Administration (PHMSA). Using the databases of the mentioned institutions [7, 10, 18] , and studies analysing the causes of pipe installation failures and gas explosions (comp. [2, 4, 5, 6, 8, 11, 13, 14, 15, 16, 20] ), this article presents the scale of gas installation exploitation problems, indicating the main reasons for their failures. In order to demonstrate the importance of this problem, analysis of statistical data on failures and their consequences will be presented along reviews of building disasters involving gas installations. In contrast to other studies on this subject (see. [2, 4, 5, 6, 7, 8, 10, 11, 13, 14, 15, 16, 19, 20] ) which show analysis of single dangerous incidents in a single region of the world, the aim of this work is to compare problems related to gas networks worldwide. This paper presents the issue with a special focus set on different regions of the world, i.e. the USA, which is an association of semi-autonomic states, and Europe, a union of separate countries. Furthermore, this paper describes problems associated with failures of gas installations in one country, Poland (which is not covered by the program EGIG), comparing it to these two large areas.
SELECT INCIDENTS CAUSED BY GAS EXPLOSIONS AROUND THE WORLD AND IN POLAND
Natural gas has been used for hundreds of years, it is possible to find in existing literature information regarding the use of gas in 1785 in the United Kingdom for the lighting of homes and streets. Unfortunately, information about gas installation failures and gas explosions from this time period is rather inaccessible. Alongside the development of media and the increasing importance of human life, people started to pay attention to the problem of gas installation failure consequences.
An overview of accidents related to gas installation failures can be found, among others, in publication [18] . In this article, a few select examples are recalled.
Historically, one of the most tragic recorded accidents related to gas explosion occurred in 1937 in a school in Texas. The cause of the explosion was improper design solutions in building construction and faulty gas pipe coupling. The result of the leaky gas tube connection was an accumulation of gas under the entire structure of the building, and as natural gas is invisible and odorless, the leak had not been detected in time. Around 300 teachers and students were killed as a result of this explosion. This incident had a direct impact on the adoption of legal solutions in Texas forcing gas suppliers to add fragrance to gas in order to facilitate its detection in cases of leakage and accumulation. Over time, this practice has been also adopted throughout the world.
Another tragic accident occurred in 1989 on the railway, close to Ufa, in the former Soviet Union.
According to various sources, between 575 and 675 people died in this disaster, and over 800 were injured. Natural gas leaking from the pipeline, which ran in close proximity to the tracks of the Trans-Siberian railroad, exploded at a time when two trains carrying around 1300 people in total, were at the moment of passing each other. The direct cause of the explosion was a spark from the brake pads of both trains reducing their speeds simultaneously at a time when they also happened to be passing each other. The investigation showed that a few years earlier the pipeline had been damaged during excavation works, and then was improperly repaired. Unfortunately, that same incorrectly repaired damage led to the next pipeline leakage in 1989, causing the deadliest disaster ever in the history of the railway of the Soviet Union (and later Russia).
The next noted tragic incident took place in 1996 in Puerto Rico. In the commercial zone of Rio Pedras a gas explosion occurred, which killing 33 people and injuring 70. For several days beforehand, local employees had claimed to smell gas, however, the proper services inspecting the area hadn't been able to detect any irregularities. The inclusion of ventilation triggered an ignition, causing an explosion which destroyed the basement and ground floor of the commercial building.
The investigation revealed that damage and leakage of an unmarked gas pipe which ran along a local narrow street was the reasons behind the explosion. A few years before the tragedy, new sewer pipes were placed underneath this region of road. The weight of the ground, local road traffic, and weather conditions led to a bending and damage of the gas pipe. Leaking gas had been moving around beneath the ground towards the basements of the trade zone, where it was then accumulating.
Obviously, gas installation incidents occur in Poland as well. One of the most tragic on record is the gas explosion which took place in 1976 in the city of Gdańsk. As a result of this incident, a 2-story residential building was completely destroyed. The building wasn't connected to the municipal gas network; the disaster occurred because of a gas leak from an underground pipeline running nearby.
As in the previous incident, the escaped gas had accumulated in the basement of the building and exploded when one of the residents switched on the light. At the time of the explosion there were 28 people inside the building, 17 were killed and 11 injured.
Another accident with equally tragic consequences is the gas explosion in Warsaw's city center, at the intersection of Marszałkowska and Aleje Jerozolimskie streets which occurred in 1979. The explosion completely destroyed the Rotunda building, which, at the time, housed a branch of PKO bank. The cause of the explosion in this case was natural gas as well; it escaped from the damaged pipe through a duct of telecommunication installation, onto a building without its own gas installation. Pipeline damage probably occurred during conservation work, when a fixing screw of the gas valve was tightened too much. As a result of thermal contraction caused by low temperatures and ground movements caused by nearby aboveground transport pathways, the dome of the valve ruptured creating a 77cm-long gap. The snow cover prevented the escape of the gas to the surface, and low temperatures caused condensation of the added fragrance which was to warn people about possible leaks of gas. Eventually, the explosion was initiated by a shortage in the electrical system. This disaster resulted in 49 fatalities and 135 injuries.
In spite of the adoption of many legal regulations and developments of technology, incidents associated with use of gas still do occur. For example, in San Bruno, California (in 2010), gas leakage led to an explosion which resulted in the deaths of 8 people; 53 homes were destroyed and another 120 seriously damaged. In 2010 a New York gas explosion led to the destruction of 2 apartment buildings. As a result, 8 people were killed, 50 injured, and more than 100 families were left homeless. The cause was gas pipe damage due to ground scouring, which led to pipe deformation and leakage. In Poland, gas explosions caused by installation failures have occurred, among others, in 2011 in Kazimierz Dolny, in 2011 in Pustynia -a village located in Podkarpacie, in 2013 in Janków Przygodzki -a village located in Wielkopolska, and in 2014 in Katowice.
In all the described incidents, the explosions occurred due to gas network failure. Among the reasons were, for example, corrosion, road traffic, external interference, and atmospheric conditions. A more detailed analysis of gas pipeline failure causes will be presented in the next section together with a description of installation failure problem scales on a background of resources of this type of infrastructure.
GAS INFRASTRUCTURE

GAS NETWORK RESOURCES
As mentioned in the introduction, the gas network exploitation problem is related to the significant length of pipelines and increasing demands for energy produced from gas ( Fig. 2) . Table 1 shows a comparison of gas pipeline lengths in Poland [17] , Europe [7] , and the USA [9, 10] . For Poland and the USA, the entire length of the transmission and distribution pipeline systems is given, but in the case of Europe, it refers only to the length of pipelines with designed transmission pressures measuring above 15 bars, and operated by 17 gas providers including: Gas Networks Ireland (Ireland), DGC (Denmark), ENAGAS, SA (Spain), EUSTREAM (Slovakia), Fluxys (Belgium), Gasum (Finland), GRT Gaz (France), National Grid (UK), NET4GAS (Czech Republic), Gasunie (Netherlands / Germany), Gasconnect GmbH (Austria), Open Grid Europe (Germany), Ren Gasodutos SA (Portugal), Snam Rete Gas (Italia), Swedegas A.B. (Sweden), SWISSGAS (Switzerland), and TIGF (France). As one can see in Table 1 , the entire length of the gas network is characterized by constant growth. A comparison of graphs also shows that this trend is similar for all analysed areas, showing that in the period from 1970 to 2000 the pipeline's length increase was more intense than at the present time. In Poland, over the last thirty years of the 20th century, the length of gas pipelines increased eight times, in Europe more than three times, but in the USA, by only about 50%. In the last ten years, the differences in the percentage increases of pipeline lengths are smaller and in Poland account for 45%, in Europe 30%, and in the USA for 10%. Finally, in 2013 in Poland, the total length of the gas network was 140 000 km, including 20 000 km of transmission networks and 120 000 km of distribution networks, in comparison, in the United States the length measured 479 000 km. Table 1 . Comparison of gas network lengths on the basis of data from [7, 10, 17] .
The length of gas network * 1000km Fig. 3 . The structure of the gas network with regards to pipe diameters in EGIG in Europe on the basis of [7] . Fig. 4 . The structure of the gas network with regards to pipe diameters in the USA on the basis of [9, 10] . Fig. 3 and Fig. 4 also show the structure of gas networks in view of the diameter of outside pipes used in gas pipeline construction, respectively, in Europe and in the USA. Values given in figures relates to a set of diameters, therefore, a comparison will be made of the relevant groups of diameters with a certain approximation. Pipes with a diameter of less than 101.6mm in Europe, and 127.0mm in the USA account for about 20% of the total. Also, approximately 20% of all gas pipeline distribution systems have pipes with diameters ranging from 101.6mm to 254.0mm in Europe, and between 127mm and 279.4mm in the USA. However, in the USA, pipes with diameters of this range are most often used. In Europe, most of the pipes (28%) have diameters of 254.0mm to 508.0mm. The percentage of pipes with a diameter of more than 711.2mm for Europe and 736.6mm for US is similar, and respectively accounts for 26% and 28%.
A very important role in maintenance of gas transport infrastructure plays its age. Fig. 5 shows the change of the age of structures. On the vertical axis is placed the percentage of total pipeline length of a certain age and on the horizontal axis an area which the data relates to and the year for which the juxtaposition of network length was performed. Gas networks in Europe are getting older, but still they are younger than those in the USA. In Europe as well as in the USA, about 25 % of pipelines were built in the 1960s. However, in the USA, more than 50% of existing pipe length is over 40 years-old, whereas in Europe there are only about 35 % of those kinds of networks. In publication (20) , among others, it was indicated that causes like corrosion, failure during floods, pipes and pipe seam damage are closely connected to the 'aging' of pipelines. More information on failure causes will be indicated in the next point. Fig. 5 . The ageing structure of gas network in Europe and USA, age of the gas network.
ANALYSIS OF CAUSES OF GAS NETWORK FAILURES
Causes of gas network failures can be divided into following groups: external interferences, corrosion, construction-material defects, earth movement, and other environmental influences.
INCIDENTS ASSOCIATED WITH GAS OPERATION
External interferences include damage during excavations and other mechanical damage which results from external interferences not connected with the operation of gas pipelines, for example, from vandalism and fire. Occurrences of this kind of damage depend on pipe diameter, wall thickness, pipe laying depth, and, generally, pipeline location (underground, aboveground, submerged in water). Pipe corrosion can be divided into external and internal one. External corrosion depends on the environment where the pipes are located, whereas internal depends on the possibility of occurrences of localized excess pressure; on the geometry and possible inaccuracies in the execution of the pipeline and in the chemical composition of the gas itself (as well as its aggressiveness). Corrosion progresses with the age of the pipeline and depends on the type of the material which the pipes are made of and their wall thickness. Fig. 6 shows the percentage distribution of causes of installation failures in Europe and the USA. Failures of gas networks and installations in Poland are caused by the same reasons as in other countries in Europe and in the USA. However, due to a much smaller land area of the country and thus the smaller number of accidents, specification of these reasons even in statistical form will not accurately describe their reality. As one can see, external interferences and corrosion are the main causes of the failures in these parts of the world. However, corrosion, mainly of welded joints, also constitutes a big problem, including in China, where it inflicts severe economic losses [14, 20] . This corrosion was the cause (among others) of failure which took place in 2011 in the surroundings of a dam on the Yellow River and the Jinan-Qingdao express road. As a result of the explosion, a region of forest 100 square metres in area was destroyed and a few buildings were completely burnt down. The next factor group in terms of causing gas network failures is construction-material defects, including welded joint defects. The hazards for the occurrence of failures due to the mentioned causes increase alongside the age of the pipeline and depend on the geometry of the pipeline and the quality of its construction. For various reasons, a crack of the pipe or a cloud of the blend of explosive gas moving within the installation can come into existence inside. Upon encountering an obstacle, high pressure develops in the pipes leading to failure of an external installation, or in case of internal installation, to damage to the building. The scenarios and methodology for determining the probability of occurrence of these types of incidents were described in publications [15, 16] .
In Europe, it has been stated that vibrations and ground movement triggered by seismic or/and paraseismic loads or/and floods, heavily contribute to the failures of gas pipelines. Ground movement and vibrations lead to damage to the installation, the consequences of which are explosions and fires. In publications [6, 11] an earthquake in Hyogo-Ken Nanbu, Japan in 1995 and its results were described; 234 different places were affected by fires caused by the leakage of gas stemming from that incident. The fire spread along a surface of 1 square km. Another example of the failure of gas pipelines caused by earthquakes is in the city Chi-Chi. It took place in 1999 in Taiwan, as described in publication [5] . As a result of the damage to the gas pipeline and the gas leakage which followed, more than 100 000 industrial installations and residential buildings were destroyed. Seismic loads also affect pipelines laid on the bottom of the sea. Damage to pipelines in these locations was inflicted, among others, during such earthquakes as [2] : the earthquake in Alaska in 1964, in San In the end it is also worth mentioning that damage caused by vibrations of low frequencies and significant displacements, which can be the result of various forms of flows of air and/or water around the pipes. Obviously, this kind of phenomena can occur only in cases of aboveground pipelines and pipelines laid on the seafloor. The issue of the interferences of flows to pipelines, with reference to one particular pipe, was described in publications [2, 8] , and the issue of aerodynamic interference in the case of airflow around two pipes was described in publication [3] . Due to the fact that failures of gas pipelines occur pretty often and cause many dangerous incidents, they are the subject of many publications [2, 4, 5, 6, 8, 11, 13, 14, 15, 16, 20] . On the other hand, gas network incidents have negative economic effects and, unfortunately, result in significant human casualties. A statistical analysis of the effects of these failures is described in the next subsection.
GAS TRANSPORT INFRASTRUCTURES AND ASSOCIATED PROBLEMS
Statistics show that, on the one hand, gas networks bring great economic benefits resulting in the development of this sector of the economy. On the other hand, the operation of external and internal gas networks is connected with numerous failures and human casualties. Within the last 20 years in Poland alone, 332 construction disasters caused by gas explosions were noted, 387 victims, including 57 people who died (referred to as fatalities in the paper), and 330 injuries. Per statistics carried out by the PHMSA within the last 20 years, 5664 incidents were registered, with 347 casualties and 1348 wounded.
According to statistics carried out since 1995 at the GUNB (see publications [18] ), out of all 6366 construction disasters registered within the last twenty-year period, 332 were caused by gas explosions, accounting for 5% of the total. Fig. 7 shows a distribution of the number of the failures in Poland in years 1995-2013. Failures triggered by deliberate human activity are not taken into account with reference to construction disasters in Poland, which leaves a number of failures underestimated. However, it is possible to notice that, unfortunately, the number of accidents demonstrates increasing trends which mainly result from the growth of the length of the utilized pipelines, as presented in Fig. 10 , where graphs show the number of accidents along the length of the installation per each 1000 km. One may notice a slight increase of the number of disasters per In Europe's EGIG group [7] , during the period between 1970 and 2013, 1309 failures of gas pipeline networks occurred. Based on the graph (Fig. 8, Fig. 10 ) it is possible to observe the decrease in the number of incidents over the examined years, with a period of stagnation starting at the beginning of the 21st century. Due to the lack of data regarding numbers of victims in the incidents, it is not possible to determine the ratio of the number of incidents to the number of injuries. Fig. 7 . The number of incidents in Poland caused by gas on the basis of [18] . Fig. 8 . The number of gas network incidents in Europe on the basis of [7] .
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Fig . 9 . The number of gas network incidents in the USA on the basis of [12] . Fig. 10 . The number of gas network incidents per 1000 km. Fig. 9 shows the number of gas network failures in the USA. In this region of the world, the number of gas network incidents was increasing and then reached a period of stagnation during the last ten years.
It is worth comparing the number of incidents per 1000 km in the mentioned areas; this kind of comparison for the last fifteen years is shown in Fig. 10 . Over the last ten years, a stagnation in the number of incidents is noticeable in all of the analysed areas. In spite of many legal regulations, installation failures cannot be avoided due to aging. On the other hand, it is worth noting that the number of incidents in Poland is comparable to the entire region of Europe, however, the number of incidents in the United States is almost three times higher than in Europe. It can also correlate with the time of installation which, as shown in Fig. 5 , is significantly earlier than installations of Europe. number of fatalities per 100 thousand km.
As it was already mentioned, gas network incidents are connected with victims. Explosions, fires, and building collapses, which almost always have tragic outcomes for people, are quite often the effect of gas leakages. As stated in publication [18] , Obviously, it is also noticeable that the total number of fatalities in the USA is larger than in
Poland. However, when we refer to the length of the installation, unfortunately the situation in Poland looks more negative. The number of injuries is similar, but the number of injuries per 100 000 km in Poland is much higher than in the USA.
Evidently, a larger number of victims per each 100 000 km length of gas networks exists in Poland, simultaneously with a much greater number of gas network incidents per 1000 km; this may be explained by population density. According to the GUS [17] , Poland in 2014 had a population density of 38.5 inhabitants per km 2 , and North America had half that with only 19 per km 2 . In other words, the length of transmission lines is associated with long distances between population centres, and because of that the average number of victims is lower than in Poland.
CONCLUSIONS
On the basis of the presented analysis and statistics, it is possible to notice that the same problems of the failures of gas pipelines concern the entire world. Phenomena, such as corrosion and wear of elements of infrastructure resulting from "aging" of gas network resources, have a huge impact on the number of failures. The next group of causes results from negative environmental influences during earthquakes and floods. Also, loads of gas pipelines resulting from the development of the surrounding civilization are of major importance, and these are, for example, damage to gas pipelines caused during excavations works, para-seismic vibrations, disturbances by road traffic, and fires. Causes described in this article appear in each region of the world. Differences appear in their percentage distributions, which are connected with environmental conditions, the state of industry growth, and the general culture of safety.
In Poland, the increasing tendency can be seen in the scope of the number of incidents and victims.
It is associated with the increase of gas network lengths. In accordance with analysis of the numbers of accidents and victims per 1000 km during ten last years, the number of dangerous incidents in gas network resources per 1000 km is fixed both in Poland and Europe, as well as in the USA.
Increasing lengths of the network, increases in energy demand, and "aging" of gas network resources may lead to an increase in the number of failures, which can be avoided only by its proper operation and legal provisions, and notably through constant monitoring and adequate maintance. 
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